The knowledge about the orientation of the prisms in human dental enamel is mainly based on morphological observations (light optical, SEM etc.). Hence there are many schematic drawings, showing the orientation as seen in the microscope. Locally resolved direct measurements of the orientations, proofing the observations, have not been done in detail up to now. X-ray diffraction methods adapted from material science are used in this study, providing directly the orientation of the crystallites in the examined positions. Hereby new and better detailed information was obtained, showing the orientation of the prisms and giving information about their intrinsic structure. Based on the measurements, existing prism orientation models can be enhanced and two structural suggestions can be made, showing possible inner building principles for the prisms. Future planned measurements will even allow deciding which of the two models is more likely.
Introduction
Many professional groups are dealing with human dental enamel like dentists, dental researchers, manufacturers of dental restorative materials and also every human being for the daily ingestion. Nowadays healthy teeth also play an important role in daily life and social interaction. Hence it is obvious that dental enamel is a material of high importance and that one should understand every detail e.g. concerning its properties or its biological construction. One special structural element is the enamel prism or rod which is built up of several aligned, crystalline hydroxylapatite (HA) crystalls. The atoms in its chemical formula Ca 5 (PO 4 ) 3 OH are hereby arranged in an individual 3-dimensional grid. The smallest unit of this grid, which is of hexagonal crystal symmetry (space group P6 3 /m), is the unit cell with its lattice parameters a=b=9.4263Å and c=6.8752Å. A scheme of this cell can be seen in Fig. 1 . Characteristic crystal planes are hereby marked with the corresponding Miller Indexes hkl (Miller,1839) . Schemes of the spatial arrangement of the enamel prisms can be looked up in various sources (e.g. Avery,1994 or Ten Cate,1998 . The prisms in most schemes are running approximately perpendicular to the surface, starting at the dentin enamel junction. This information is based on light optical and electron microscopy studies about 160 respectively 50 years ago (Retzius,1837; Czermak,1850; Helmcke,1963; Höhling,1966) . In fact, enamel prisms can also form decussation patterns, where they appear to be highly interwoven, especially in human molars. About the basic built up architecture of enamel prisms it is only known, that the HA crystallites within seem to posses a spatial orientation, which is described as "highly complex" or "preferred oriented" (Dorozhkin,2007; Al-Jawad et al.,2007) . Structural elements as the feather-like spreading of the crystals within the prisms are based on microscopic observations. The real spatial orientation of the crystallites can thereby differ in contrast to these shape based observations. However, knowing the spatial orientation in detail is of high importance since the physical properties of crystalline materials (e.g. elastic modulus or thermal expansion) as well as their direction dependence are derived from single crystal orientation and property (Nye,1985; Bunge,1993) . Hence it is possible to improve the actual model for prism and crystal orientation within as well as the knowledge about the physical properties, examining dental enamel with contemporary scientific methods. Determining orientations of crystallites and their physical properties is probably most sophisticated and fully developed in material science. Below described methods from this field are applied to dental enamel, trying to complete the knowledge.
Materials & Methods

Sample material
Examinations were done on all kind of human teeth 12, 23, 14, 15, 26, 17, 18, 41, 32, 43, 34, 35, 46, 37, 48) , due to symmetry not distinguishing between equivalent left/right positions (e.g. 13/23, FDI-notation). Hence a total of 18 complete teeth with an intact anatomic corona without any defect or dysplasia were examined, extracted from men and women due to orthodontic or periodontal reasons. These teeth were used originally for another study about the periodontal ligament, approved by the local ethics committee. The teeth were cleaned and stored dry for immediate analysis. Since enamel is not a "living" substance and about 97% crystalline, drying should not affect the analysis results. For detailed measurements, sections of ~400-500µm thickness have been cut with a diamond saw from labial/buccal to palatal/lingual (canine, premolar and molar) and parallel to labial (incisor). The enamel of each section has been examined in different local points, equal distributed along the cross sections (showing the long prisms from the side) at the half enamel thickness with approximately 500µm space in between (e.g. for molar tooth 17 see Fig. 3 left) . This leads to a total sum of about 150 data points. Exemplarily the sections of tooth 17 (main topic) and 11 (cf. Fig. 3 ) have been chosen for detailed presentation of the results.
X-ray Analysis and mathematical texture calculations
The spatial orientation of crystallites can be determined using x-ray texture analysis, which is a fully developed and accepted method in material science. The method is described in detail elsewhere (Wcislak et al.,2002; especially Raue and Klein,2011) . Hence only the basics are described here for a better intelligibility. Source of the x-ray beam was the wiggler BW5 at the synchrotron DORIS, Hamburg, Germany. A monochromatic beam with a wavelength of ~0.123Å and a rectangular size of 500x500µm was used. For each data point 33 diffraction images at different orientation angles were taken. The images were evaluated with the program MAUD (Lutterotti et al.,1997) finally providing information of the orientation g of the lattice planes (hkl). When the x-ray beam penetrates through the sample, the beam is diffracted at the crystal lattice if the diffraction condition is fulfilled for the respective lattice plane hkl (Laue,1912 and Bragg,1913) . The diffractogram is imaged with an area detector and shows hereby diffracted rings (Debye and Scherrer,1916) , which have maxima on them if the crystals in the illuminated volume are not completely random oriented. The positions of these maxima contain the information of the spatial orientation of the corresponding lattice plane (hkl). This 3-dimensional information is normally presented for specific lattice planes (hkl) as pole figures, which are 2-dimensional graphical projections of the density distribution of the respective plane within the sample coordinate system (Wassermann and Grewen,1962) . The construction is hereby made using the stereographic projection (most probably invented by Hipparchos, Greek astronomer, 190-120 B.C.). Hence pole figures describe the orientation of just a single crystal plane type (hkl), there may be still degrees of freedom for possible rotations of the whole crystal. If the information of the preferred orientation of different planes (given by different pole figures) is combined, the preferred orientation g of the crystals can be described in detail by means of mathematical calculations (Bunge,1969; Matthies,1979) . At the end of these calculations, the volume fraction of the crystals, having the orientation g within the examined volume V, is given by the orientation distribution function ODF f(g). Thus the ODF provides information of all measured and also non measured pole figures.
Stereographic projection
The presentation of 3-dimensional, directional data is not trivial. A smart way of presenting this data is using the stereographic projection. Hereby an imaginary sphere is created around the sample. The intersection of a direction going through the middle of the sphere with the upper hemisphere itself is memorized. This intersection is then connected with a direct line to the lower hemispheres pole. The intersection of this line with a plane through the equator of the sphere is then marked as a pole for this direction (see Fig. 2 ). Thus all possible 3-dimensional directions can be plotted in a 2-dimensional diagram. In case of the preferred distribution of a crystal plane of type (hkl) within the sample coordinate system, the directions of these planes (given by their normal) are plotted and the poles are marked with a value correlated to the number of planes in this specific direction within the examined sample volume. This kind of presentation is then called pole figure of this crystal plane (hkl). In this manner, directional data is presented in this study. Right side: example of a stereographic projection in the sample coordinate system composed by longitudinal (LD), transversal (TD) and normal direction (ND). Normally the angles α and β are defined as α going from ND to the equatorial plane (0°≤ α≤90°) and β running in this plane (0°≤ β≤360°).
Results
The orientation of the HA crystallites has been examined in more then 150 local positions within all kind of teeth. Exemplary the data for tooth 11 and 17 is shown here (cf. Fig. 3 ). All data points from other teeth show comparable trends, supporting the results presented here. (001) pole figures show the maximum degree of preferred orientation by the given numbers, e.g. A 7.6-times. The higher this number is, the more preferred oriented the crystals are.
For interpreting textures of human dental enamel, it is sufficient to look at the (001) pole figures which likewise show the orientation of the c-axis of the unit cell (Raue,2008; Raue and Klein,2010) , since the present texture type originates from a free rotation around the normal of the tilted (001) crystal planes.
molar tooth 17
Looking at the pure numbers of the pole figures, one can realize, that the first maximum is reached in point F (going from A to U), located at the distobuccal cusp. From G to J orientation values decrease, reaching the total minimum at J. Further going, a partial maximum is reached at point M (small side cusp -crista obliqua). The big maximum is reached again at point P (distopalatal cusp). From Q to U values again decrease. Now, looking at the orientation of the maxima and going from A to F, the maximum changes continuously from the upper left side to the upper middle. Going from G to P, the position changes only little at the upper middle having the change of tendency from top right to top left at point K. Between point Q and U the position of the maximum changes continuous from the upper middle to the upper right side. Summing up, one can say that the numeric values are highest at the cusps and lowest at the sides (crista marginalis) and in the middle between the cusps. The Orientation changes continuous from flat inclination to vertical direction following the morphology of the tooth at both sides (A-E and Q-U). The data points between (F-P) show a general vertical direction, having the maximum at the upper middle.
incisor tooth 11
The pure numbers (cf. Fig. 3 right) increase in vertical direction up to the absolute maximum (v1 to v6). In horizontal direction, values first increase, then stay stable and afterwards again decrease going from left (h1) to right (h8). The intermediate data points (i1-i3) show values of the respective mixture from horizontal and vertical direction. Orientation changes in all cases constantly. In vertical direction the maximum changes from the middle to the upper middle, in horizontal direction, the maximum changes from the left upper middle to the right upper middle, respectively going in increasing numbering direction. The intermediate data points show again a mixture of both behaviours.
Discussion
The carried out measurements of the preferred orientation of the HA crystallites within dental enamel give a lot of new information. Looking at the pure numbers for the degree of orientation, the highest values are present at the cusps in case of the molar and at the cutting edge in case of the incisor. These positions have to resist the highest mechanical loads, since they have first contact to the opposing tooth or an alimentary bolus. The loads could be handled best, if the tooth would have a high strength in these particular positions (with high values pointing to the food respectively the opposing tooth). A physical property like the strength or the elastic modulus of a polycrystalline material with random oriented crystallites is mainly dependent on the material itself. If a given material should posses e.g. a higher elastic modulus in a certain position and direction, this could be easily done by preferred orienting its crystallites at that position. Hereby one should know that most crystallites have direction depending properties, especially HA with its hexagonal crystal symmetry. In case of the cusps (molar) and the cutting edge (incisor), the crystallites are highly oriented, pointing with their c-axis to the top. This axis is in HA the direction of highest elastic modulus (comparable to high strength), all other directions posses lower values and the lowest can be found in the plane between a-and b-axis. Now the high orientation values in the cusps of the molar and the tip of the incisor can be simply explained by the mechanical needs the teeth have to fulfil. The lower values in the other measured positions represent a lower demand of strength in that position. Combining the information about the degree of orientation with the spatial orientation of the maximum values and the type of orientation (tilted fibre texture: Raue,2008; Raue and Klein,2010; Raue and Klein 2011) , one can deduce the orientation of the enamel prisms (since the HA crystallites link up along their c-axis, Poole and Brooks,1961) , the inner building structure of the prisms and one can also justify the orientation of the prisms with the mechanical needs which have to be fulfilled. Looking at point A to F in the molar (cf. Fig. 3 ), values increase and the direction of the maximum changes from the left upper side to the upper middle. This progression supports and represents exactly the progression of the enamel prisms shown frequently in established models (e.g. Avery,1994; Ten Cate,1998) . However now it can also be explained why the progression is that way. Because the highest load forces are expected at the cusps where the highest degree of orientation is present, absorbing these forces. The same trend can be seen inverse looking at points P to U (molar). Likewise the values and the direction of the maximum at the small side cusp (crista obliqua) in point M can be interpreted, since also there higher loads then in average may occur. Looking at the orientations in point G to O (cf. Fig. 3 left) it is remarkable that the maximum is always nearly at the upper middle, just changing its tendency at point K (cf. Fig. 3 ) from right to left. Interpreting these results of preferred orientation in means of prism orientation, as shown in Fig. 3 by the stereographic projections of the crystallographic c-axis of HA is quite easy. Hence the orientation of the c-axis is shown by the 001 pole figures and the single HA crystallites are oriented in the prisms with their long axis (crystallographic c-axis) along the long axis of the prisms (Poole and Brooks,1961) , one can deduce the prism orientation directly from the pole figures by looking at the position of the maximum in the stereographic projections (cf. Fig. 3 ). Doing so, one can realize that the orientation of the prisms between point G and O is different, since the morphology of the tooth is also showing "curves" and "valleys"; nevertheless the prisms are vertical oriented. This attitude can be explained again with the mechanical needs; hence also in these positions the direction of maximum expected loads is in vertical direction. Some schematic drawings of these positions show the prisms also making a change of orientation, lying nearly orthogonal to the surface (Ash,1993; Woelfel & Scheid,1997; Karst & Smith,1998; Schroeder,2000) . This behaviour can be clearly neglected with the present data. In the incisor the orientations change horizontally continuous (h1 to h8); the maximum is strongly inclined to the cutting edge. In vertical direction, the inclination of the maximum at the middle increases, going to the tip of the incisor (v1 to v6). The intermediate data points show the respective mixture behaviour of horizontal and vertical direction. The changes of these orientations can be interpreted in the same way like in case of the molar and can be justified by comparable mechanical needs. Also information about the inner structure of the enamel prisms can be obtained with the carried out experiments. Looking at the preferred orientations in detail, one can characterize the texture as being originated by a free rotation of the crystallites around the tilted normal of the (001) crystal plane, which creates a special kind of fibre texture (Raue,2008; Raue and Klein,2010; Raue and Klein,2011) . Since the texture information is coming from the whole illuminated sample volume, there are two different kinds of crystal arrangements within a prism, which both create the observed texture type. Hereby one must distinguish sharp between the following terms: unit cell as shown in Figure 4 is the smallest crystallographic unit, a crystal is made of. A crystal is made up of several unit cells which are stacked in multiples along all possible axes. Hence the orientation of the crystal can be sufficiently described by the schematic orientation of its unit cells. That is exactly what is shown in Fig. 4 . The crystal shape is determined by the way of unit cell stacking along the axes, meaning that with one unit cell type one can built various crystal shapes and the orientation of the unit cell does not necessarily give information about the crystal shape. The crystal size (e.g. in a specific direction) does just depend on how many unit cells are stacked in that direction. Having these definitions in mind, Fig. 4 should become clear as just representing possible arrangements of crystallites within enamel rods. Fig. 4 does not necessarily show orientations of prisms nor relations of size between prisms and crystallites. The observed data clearly shows that the crystallites (in Fig. 4 represented by their unit cells) within the prisms link together along their c-axis (cf. Fig. 4d ) but can not be regularly ordered (Fig. 4a) . Hence the diameter of the x-ray beam used for these investigations was much bigger then the width of a single prism, up to now two possible types of crystal orientation can be proposed. Looking along the c-axis there is a free rotation and no preferred direction for the aand b-axis in both cases (Fig. 4b / 4c ). But it is also possible to have a mixture of both types.
Conclusion
With the carried out experiments it is possible to characterize the orientation of the HA crystallites in detail for the different locally measured points within all examined teeth. With the information of the preferred orientation and the knowledge of the HA single crystal properties one can even justify the found orientations with the mechanical needs of the which have to be fulfilled in the respective local position. It was also shown that some schematic drawings of enamel prism orientation should be revised (esp. showing the region between the cups of molars; prisms have a nearly vertical orientation and do not follow the morphology of the surface orthogonal). Information about the HA crystal orientation is also the basis for the two suggested arrangements (cf. Fig. 4 ) which are both possible. To decide which one is more likely, an x-ray beam with a diameter in the order of a single enamel prism is need. Such small beam sizes will be soon available at synchrotron rings. Experiments are planned with beam sizes of micro or even nanometer scale. So the last pending question will be also answered soon. During the industrial manufacturing of various materials the orientation of the crystallites and the respective physical properties can be influenced. An intended subsequent study should reveal the corresponding characteristics of common dental restorative materials. If there is a possibility to converge these attributes to those of the natural tooth, maybe there will be an approach to improve the clinical performance of utilized dental restorations.
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